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SUMMARY 

We w i s h  a t  t h i s  t i m e  t o  stress one m o s t  impor tan t  advance 
achieved du r ing  t h i s  p e r i o d  i n  o u r  work t o  a t t a i n  newly powerful 
h igh - re so lu t ion  g ra t ings .  In  on ly  9 months t i m e  t h e  32 inch  x 
20 i nch  g r a t i n g  r u l i n g  engine,  designed by u s  accord ing  t o  our 
Report  #1 was completed and d e l i v e r e d  on 30 August 1965 by t h e  

Moore S p e c i a l  Tool  Company, a t  a minimal cos t .o f  on ly  $32,050, 
f o r  t he  engine  as  shown i n  our  F ig .  1. 

A s  a r e s u l t  of exhaus t ive  tests which w e  have carried o u t  
s i n c e  September 1, 1965, w e  are now i n  a p o s i t i o n  t o  r e p o r t  a 
complete success  i n  a l l  of  t h e  motions of t h e  t w o  c a r r i a g e s  
ove r  t h e i r . 3 2  inch  t r a v e r s e .  Wi th  t h e  t e f l o n  bea r ings  which 

w e  designed-- i n  c o n t r a s t  w i t h  p r e v i o u s l y  used  and n o t o r i o u s l y  
u n r e l i a b l e  o i l  bearings-- we have achieved 

1. P e r f e c t  un i fo rmi ty  i n  t r a n s l a t i o n  mot ion ( in  t h e  

d i r e c t i o n  of  t h e  x-axis) ' i n  t h e  inch  range,  wi thout  
any s t i c k - s l i p  (See Fig. 2 ) .  
2. Absence of yaw ( r o t a t i o n )  about a z -ax is  (normal t o  t h e  

g r a t i n g  p l a n e ) ,  t h e  t o l e r a b l e  r o t a t i o n  be ing  i n f e r i o r  t o  
a smoothly va ry ing  .43 sec on t h e  main carriage and t o  
1.23 sec on t h e  suppor t  c a r r i a g e .  
3. Absence of  p i t c h  (about a y-axis  i n  t h e  g r a t i n g  p l a n e ,  
normal t o  t h e  x-axis  t r a n s l a t i o n )  i n f e r i o r  t o  a smoothly , 
vary ing  -.5 f r i n g e  on the  main c a r r i a g e  and - . 7 5  f r i n g e  on 
t h e  suppor t  c a r r i a g e  ( i n  a 5 i n c h  l e v e r  arm). 

These important  and c e r t a i n l y  n o t t r i v i a l  r e s u l t s  ( i n  
comparison w i t h  f o r  i n s t ance  t h e  s t a t u s  of  d e l i v e r y  of  p rev ious  
comparable eng ines  u s i n g  hydrau l i c  l u b r i c a t i o n )  may be t aken  as 
having ga ined  perhaps  one t o  t w o  years  i n  advancing t h e  complet ion 
of t h i s  research, no tab ly  because of t h e  s i m p l i f i c a t i o n  i n  t h e  

diamond c o n t r o l  system and c a r r i a g e  des ign  which may now be 
under taken ,  o n  t h e  b a s i s  of these accomplishments. 

+ + 
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DETAILED REPORT 

1. DOUBLE-SCREW ENGINE CARRIAGE TRANSLATION 
MEASUREMENTS 

F ig .  1 shows a photograph of  t h e  new engine ,  c o n s t r u c t e d  
accord ing  t o  ou r  des ign  given i n  Report  #1 (Fig.  1). Apart  
from o u t s t a n d i n g  workmanship, and t h e  utmost mechanical p r e c i s i o n  
e s s e n t i a l ,  and used,  i n  completing t h i s  engine ,  t h e  s i n g l e  m o s t  
impor tan t  f e a t u r e  is t h e  use  of .007 i n c h  t h i c k  ' r u l o n '  ( t e f l o n )  
bea r ings ,  cemented on to  t h e  double-vee meehanite bea r ings  w i t h  

"Garlock 20" epoxy adhesive,  and sc raped  i n  t h e  b e s t  mechanical  
f a s h i o n  f o r  p e r f e c t  f i t .  (The immediate s u c c e s s  i n  t h e  r u l o n  
bea r ings ,  i n  s p i t e  of some s e r i o u s  q u e s t i o n s  r a i s e d  r ega rd ing  the  

wisdom of u s i n g  t e f l o n  bea r ings ,  has  no doubt a l so  r e s u l t e d  
from t h e  long exper ience  of us  i n  as t ronomica l  ins t rument  des ign  
(O.C.M.) and i n  r u l i n g  engine work (G.W.S., F.D.,  P.W.3, and 
no tab ly  from o u t  work (G.W.S. and F.D.) on t h e  M.I.T. r u l i n g  engine 
w i t h  Dean G. R. Ha r r i son  as w e l l  a s  from t h e  work o f  one of u s  

T 
i 

(G.W.S) on t h e  eng ines  a t  t h e  Jarrell-Ash Company i n  Newtonvi l le ,  
Mass. and on  t h e  engine  a t  t h e  J o b i n  e t  Yvon Company, i n  P a r i s ) .  
F i g .  2 .  shows t h e  r e g u l a r i t y  of motion achieved a t  a speed of 
1/3 f r i n g e  ( i . e .  316&, t h a t  is about 3 x lom6 inch )  p e r  second 
w i t h  t h e  t e f l o n  bea r ing  c a r r i a g e s .  (The more widely spaced f r i n g e  
s i g n a l  w a s  ob ta ined  w i t h  ou r  "synthes ized  f r i n g e "  i n t e r f e r o m e t e r ,  
desc r ibed  i n  paragraph  1 and Fig .  1 and F ig .  2 of  o u r  Report  # 2 ) .  

2.  CARRIAGE ROTATION MEASUREMENTS 

Thesewere c a r r i e d  o u t  w i t h  t h e  a i d  of  t h e  "alignment 
in t e r f e romete r "  p r e v i o u s l y  descr ibed  by G. W .  S t r o k e  ( J .  Opt. 
SOC. Am. 5l, 1340-1341, 1961). (Copy enc losed ) .  We reca l l  t h a t  

t h i s  i n t e r f e r o m e t e r  remains a s  perhaps  t h e  o n l y  s imple i n t e r -  
ferometric too l  for immediate and r a p i d  measurement and a s ses s -  
ment o f  c a r r i a g e  r o t a t i o n  motions i n  t h e  i n t e r f e r o m e t r i c  domain. 
B a s i c a l l y ,  t h e  "alignment in t e r f e romete r "  c o n s i s t s  s imply of  a 
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"folded" Michelson Twyman-Green In$er ferometer ,  i n  which  both 

mirrors are suppor ted  on the  moving c a r r i a g e ,  and move e s s e n t i a l l y  
a t  t h e  same rate  away from a f i x e d  beam s p l i t t e r ,  excep t  f o r  
s m a l l  r o t a t i o n s ,  which mani fes t  themselves  a s  s m a l l  f r i n g e  s h i f t s .  

Because of t h e  s imultaneous i n c r e a s e  of t h e  o p t i c a l  p a t h  d i f f e r e n c e  
i n  both arms of  t h e  i n t e r f e r o m e t e r ,  ve ry  r a p i d  measurement of 
r o t a t i o n s  over  very  long t r a v e r s e s  are p o s s i b l e .  For example, 
once i n s t a l l e d ,  a s i n g l e  measurement o v e r  t h e  e n t i r e  32-inch 
t r a v e r s e  may t a k e  less t h a n  f i v e  minutes .  I n  t h e  case o f  our 
new engine,  w e  have found our c a r r i a g e s  t o  be p e r f e c t l y  s t r a i g h t  
w i t h i n  uniform smooth s m a l l  r o t a t i o n s  i n f e r i o r  t o  43 seconds 
of arc on  t h e  main c a r r i a g e  and 1.23 seconds of a r c  on t h e  suppor t  
c a r r i a g e .  -These r e s u l t s  a r e  q u i t e  s u p e r i o r  t o  p r e v i o u s l y  
designed r u l i n g  eng ines ,  and should  pe rmi t  cons ide rab le  
s i m p l i f i c a t i o n  i n  t h e  i n t e r f e r o m e t r i c  s e rvo -con t ro l  requi rements  
and indeed t h e  mechanical design of  ou r  moving diamond carriage 
s y s t e m .  

'i 

3. CARRIAGE PITCH MEASUREMENTS 
A v e r t i c a l  r o t a t i o n  i n t e r f e r o m e t e r  (shown i n  F ig .  4..) has 

a l s o  p e r m i t t e d  u s  t o  measure t h e  p i t c h  of  t h e  two carriages and 
t o  v e r i f y  t h e  e x c e l l e n c e  achieved accord ing  t o  o u r  t e f  lon-bear ing  
engine  design.  We have found o u r  main c a r r i a g e  t o  be p e r f e c t l y  
s t r a i g h t  w i t h i n  a s i n g l e  uniform smooth s m a l l  o s c i l l a t o r  a long  
t h e  e n t i r e  32-inch traverse i n f e r i o r  t o  2 seconds of arc, and 
i n f e r i o r  t o  - 3 seconds o f  a r c ,  a t  a medium h e i g h t  of some 5 t o  
6 i n c h e s  above t h e  g r a t i n g  p lane .  (The p i t c h  i n  t h e  c a r r i a g e  and 
g r a t i n g  p l a n e s  are p r o p o r t i o n a l l y  s t i l l  smaller, of  c o u r s e ) .  

+ 

4. DIAMOND-CARRIAGE SYSTEM DESIGN 

The above r e s u l t s  f o r  t he  c a r r i a g e s  suppor t ing  t h e  t r a n s -  
v e r s a l  diamond-carriage system ( see  F ig .  1 of  o u r  Report  #1) 
now pe rmi t  t o  embark on  t h e  d e t a i l e d  des ign  of t h i s  system. 
P r o g r e s s  and f u r t h e r  exper imenta l  r e s u l t s  r e g a r d i n g  t h i s  p a r t  
of o u r  research w i l l  be given i n  our next  report. Unusual 
requi rements  f o r  e x c e l l e n c e  i n  ins t rument  making workmanship and 
v e r  d i r e c t  s u p e r v i s i o n  cont inue  t o  be e s s e n t i a l  i n  t h e  p u r s u i t  
of t h i s  work. 
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5 .  HANDBUCH DER PHYSIK ARTICLE ON "DIFFRACTION 

GRATINGS" 

The 225 printed-page a r t i c l e  ( p l u s  f i g u r e s )  by P r o f e s s o r  

The enc losed  cop ie s  of  t h e  proof-pages 187a t o  187y 
G. W .  S t roke  is now i n  t h e  f i n a l  p r i n t i n g  and p roof -co r rec t ion  

s t a g e .  
d e a l i n g  wi th  S e c t i o n  88. Some o f  t h e  modern r u l i n g  eng ines  is 
enclosed a s  a p r i v a t e  communication, and p a r t  of t h i s  r e p o r t .  

6 .  A'iZTICLE ON A "SOLZPTION OF THE NON-HOMOGENEOUS HELMHOLTZ 
EQUATION FOR OPTICAL GRATINGS WITH METALLIC AND 
DIELECTRIC BOUNDARIES 

The a r t ic le  by R.  C. McClellan and G. W .  S t roke  has now 
been accepted  f o r  p u b l i c a t i o n  i n  t h e  J o u r n a l  o f  Mathematics 
and Phys ic s  (publ i shed  by t h e  M.I .T .  Technology P r e s s ,  
Cambridge, Massachuset ts .  The r e s u l t s  of t h i s  r i g o r o u s  
electromagnetic boundary s o l u t i o n  f o r  g r a t i n g s  shou ld  s e t  t h e  
s t a g e  for new improvements of g r a t i n g  e f f i c i e n c y ,  w i t h  r e s u l t s  
q u i t e  comparable t o  those  p e r t a i n i n g  t o  t h e  increase i n  g r a t i n g  
size. 

7 .  
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Reprinted from JounNaL oc THE OPTKAL SWIICTY 01 AMUWA, Vd. 51, No. 12, 1340-1341. Decernbtr, 1961 
Rlslsd le U. 5. A. 

An Alignment Interferarneter for Precision Straightness-Measurements 
and Control Even of Rapidly Moving Carriages 

siown in Fin. I ,  the alignnicnt intcrfi.rometrr 

onr l )c : t i i i -q ) l i t  ting :iritl thrcr rctlct ting mirritrz id: t (  ell 
(In :I tisctl .<upport 51) i ls tci havc. nlnrosl tlic unie  ii:itll 
Icngths . S . I D  and SIK'U' froni hni-sp1ittc.r to R 
"moving" mirror (1111') in thr two arm> of thc inter- 
fcronictcr. As long ;L.S the nioving niirror ( O I U )  ninves 
in the y direction without any rotation about thc e axis, 
the 1mt.h Icngthc in both ; m i s  S.4 II and SH('I1' incrcase 
by the qame amount and nu fringe. shift is o h w r v d  in 
Ihr intcrferonicter. Any rotation a h u t  the I: axis 
cl i ; ing~'~ thc path clifferencc (.Y.l I1 S H C D ' )  and results 
in n fringe shift obsen.:tble at K .  

The mirrors are so adjustetl as to obtain ail equal- 
inciination ring system' in the focal plane of the lens 
1.2. which permits both visual and photoelectric detec- 
tion with an unvatying fringe contrast, independently 
of the y distance of the "moving" mirror: the path 

As c.on\i.;ts I of (I f i ~ l i l r i l  two- l i t~~m ;trr:tngcmcnt w i t t i  

7 ,--m 

IengthS in Iwth arm- ,we indctrl seen to vary by the 
a n i r  .iniount. except, of L ~ U N C ,  for the small changc 
H hit 11 is, I i rrciwly,  a mr:tsure of the rotation ahout the 

hi( u o t c ~  that the cli\tnitri.s .S.i, SR, anti HC would 
liavt tiad to tw vuai-tly the s:me if ;L "zrro" path dif- 
f t w i i t c  (.\ I f )  .'iM'D') had been desired In fact, a 
suitable m.i l l  path difivrence of the order of a few 
millimt tcn and aypropriitte mirror wIju\tments re- 
sult in t hr desired ;qq)carance of the equal-in( Iination 
ring 5y.tt.m in X. If the r axis is thown to coinc-idc with 
DIY, tticn the four interferometer mirrors are set 
approximately at 45" to this axis. l'hc adjustments arc 
riot tritrtal a t  all, of criurse; the only rtquircrnent is the 
( nini iilcnc c of the outgoing t)camn reflected from ZI and 
1)'. one. tan vasily we by symmetry that the interfer- 
ometcr i- sensitive only to rotatiam about the E axis, 
and inwn4tivc to rotations about the x axk as well a!$ 
ti, t r ~ n 4 ~ 1 t i i i n ~  in the y direction. A vrry rapid motion, 
of thc ordrr of 1 ft,'se(, has been found to be perfectly 
tolcr;thlc in a \traiglilnrsq measurement over a 1-ft 
1 ravecw. 

, in  euteridcvJ light ~oun'e is uwd for both visual and 
p)ii)luelvt tric tictwtion of &if@ in the ring system 
formrd in R,  when dis~ilacemcnts of a given ring are 
mci~zurrd In vi,uai nieazurements, a reticule and ep- 
Iiictr u w l  in R l ~ v e  permitted emy measurement of 
fringe 4ift.s Qf the orcler ot' Tr.f ErinKe iiii :he gw., a! 
.W>iA) which mrreponds to about U.02 wx of arc on R 
ttb-in. lever arm Dry.* For photoelectric detection, the  
system for "electronic location of interference fringes" 
1)rcviously desrrilmf by J. Peten and G.  W. Struk$ is 
particularly a u i t d :  we have draady r e p r t d  a wnsi- 

* Onc inrh eyuillc ap iroxirnalely WOWJ fringe at 5461 A 
( K r r M  nvrrur) tnr) and I wc of arc cquats ylr_m*ime.leiy SIW 
rriltans 'Ihus I) I frinw in o 10 in Iwer arm c-ls to n t w t  
l / l W  rdianr fur 1/50 wc uf arr). 

* J I'rtrrs and G %'. Strrcke, J .  or)€. %. Am. 43, 668 (1YU) ;  
43, 1211 (lOs.3) 

2, aw. 
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tivity of the order of 1/4(x1 fringe, which cormponds to 
O . o M 5  5ec of  arc an the 10-in. lever am.4 

'I'lic rotat ion-measuring fringe-zhift ul~scrvcd in the 
K plnnc follows well-known and sirnfle laws, idcntrcal 
tu those characteristic of the position of Fabry-Perot 
rings5: it can be easily calibntrd for any particular case 
by Fimply referring the frinae-shifts to a scale detcr- 
mined by Fhe diametcn of two s u c m & ?  Rngs. In  
p;irticul,ir, when one ring takm the place of another, ihe 
ciifftrcnc r twtween the distance ,T,iIl and .yh<'n' has 
*imply chanKc4 by one fringe, and similarly for an 
integral tiumbcrof hinges within the raiigc in which the 
clianirtcr5 of the rinp do not appreciably thnnge with 
,am ititc-gral change in o d P r  o f  interfermre fS.1L3- 
.SH<'D')/h. No calculation is requirnl in null alignments 
o r  ndjuhtments for which the interferometer is most 
irleally suited.* 

The alignment interferometer has been apiilicd in 
fi:\rt\< ular to thc altgtimc.nt of the Rrating-cxrriaRc ways 
0 1 1  ~ I I C  31 I. 'I.. ruling cwginc: iin avcr-all straightnc<\ of 
.~l,out one fringe in n 10-iti. arm ;ind over a 10-in. 
Im\'cr*c w a h  obt:iirietl in less th.in 1 hr arid intlepcn- 
ilt-ntiy \ critict! w i t h  thc hell' of t he  "twn-intcrkr- 
ornc,tcr" rot;ition-m~.,isurinl! systrrn which rvc h;1d 

1ricc\riori.ly (Ic-igiictl for this i n ~ q x ) ~ . ' ~  

ST R 0 K E Vol. S f  

The alignment interferometer is also king applied ta 
the nieasurement of the straightness af mbtion of the 
nioving piston in the 31. 1. T. mictvwave-cavity- 
rmnanrc ,  veloc-ity+f-light apparatusM of whieh the 
ciaign principles have txen described by C. W. Strdte 

Whra mntrul over very kmg traverses is desired, a 
sUitdJl)' reriured atrnwpheric ptwure wil l  reduce any 
Iwmi'Piblr turhulencc. in the interferometer army. In  our 
exprricnce sn far, no w t  h c l i f i i u l t i r r  were ctirounterd. 
Strmplitnrs~ of travel ohout tmth the z axis anti the 
r ai.,, normal to the y direction of motion, can he 
rnaintaincd and memurrd with the hctp of two align- 
ment interferometers ani1 two "moving-nlimor" spterns 
phrecl at right a n g l e  to each ather. It is clear that  the 
aligamerrt intrrfcmmrter ran be uwi for accuratc 
alignment, with respect to a suitable perinanmtly 
adjuzted "interferometer support'* (.m Fig. I ) ,  of a 
met Iinnic AI Iwam nr other apparatus carrying the ( 5 )  + (0) mirror ytern .  I t  ic also clt.;lr that the mirror5 
(5) .ind (6) do not havc to bc D ] a r t  of the same mirror 
at all. In fact the light beams AD antl CtY do not even 
have lo Lc par;illcl, and Ihr mirrnrs ( 5 )  and (6) may be 
clclil~rntely <et to niovc at some angle to each other in 
certain q i~dicn t ion~.  

iUit1 J.  K. lachnria~.t1 

' 
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